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Introduction
Bacillus anthracis is a Gram-positive, endospore-forming bacterium and is the causative agent of Anthrax, a potentially lethal disease. Infection occurs when B. anthracis spores enter through cutaneous openings, are ingested or are inhaled (Bozue et al., 2005) . l-Rhamnose (6-deoxy-l-mannose) plays an important role in the cell-wall structure of many bacterial species. It has been found to contribute to the virulence of a number of species, including the Gram-negative Salmonella enterica and Vibrio cholerae, where it is present as a part of the O-antigen, and to be essential for the growth of Gram-positive bacteria such as Streptococcus pyogenes (Mistou et al., 2016; Giraud et al., 2000; Allard et al., 2001) . In B. anthracis, l-rhamnose is not found in the cell wall of the vegetative cells, but is a major component of the spore exosporium layer (Fox et al., 2003) . In the closely related Bacillus cereus, l-rhamnose is the second most abundant sugar, constituting 6.4% of the exosporium (Daubenspeck et al., 2004; Stewart, 2015; Maes et al., 2016; Matz et al., 1970) . l-Rhamnose-deficient strains of B. anthracis exhibit reduced host adherence, but this deficiency does not translate into reduced virulence (Chitlaru et al., 2011; Bozue et al., 2005) .
l-Rhamnose is biosynthesized in many bacterial and archaeal species as the activated precursor dTDP-l-rhamnose from -d-glucose-1-phosphate and dTTP in a four-step pathway. dTDP-6-deoxy-d-xylo-4-hexulose 3,5-epimerase (RfbC or RmlC) catalyzes the third reaction: a double epimerization producing dTDP-6-deoxy-l-lyxo-4-hexulose (dTDP-4-dehydro-l-rhamnose). RmlC-like epimerases belong to the diverse cupin superfamily, which includes phosphomannose isomerases, transcription factors and storage proteins (Dunwell et al., 2001) . Along with the related 3,4ketoisomerases, they are responsible for much of the diversity of the final products in various biosynthetic pathways that share the first two steps of the dTDP-l-rhamnose-biosynthetic pathway (Giraud et al., 2000; Thoden & Holden, 2014; Salinger et al., 2015; Dong et al., 2003; Kubiak et al., 2012) . Here, we report the crystal structure of RfbC from B. anthracis determined at 1.63 Å resolution in complex with dTDP and pyrophosphate. We compared it with homologous structures of other 3,5-epimerases as well as with 3-and 5-mono-epimerases.
Materials and methods

Protein expression and purification
All four proteins of the dTDP-l-rhamnose-biosynthetic pathway (RfbA, RfbB, RfbC and RfbD) from B. anthracis strain Ames were cloned into the ampicillin-resistant vectors outlined in Table 1 using previously described procedures (Kwon & Peterson, 2014) . All constructs contained a polyhistidine tag followed by a TEV protease cleavage site. Each clone was transformed independently into Escherichia coli BL21(DE3) Magic cells (kanamycin-resistant; Dieckman et al., 2002) . Starter cultures of each transformant (four in total) were grown in LB overnight at 310 K and were used the next day to inoculate 0.25 l cultures of Terrific Broth (Product No. BP2468500, Fisher BioReagents). Each of the four individual cultures was grown until the OD 600 nm reached 0.6, they were incubated on ice, and 0.5 mM IPTG was then added to induce protein expression with shaking overnight at 298 K. The following day, 250 ml of each of the individual cultures containing the RfbA, RfbB, RfbC or RfbD protein were combined (all four together), centrifuged and the pellet was resuspended in 60 ml lysis buffer (10 mM Tris HCl pH 8.3, 500 mM NaCl, 10% glycerol, 0.01% IGEPAL CA630, 5 mMmercaptoethanol). The sample was sonicated and centrifuged as described previously (Kuhn et al., 2013) , and the crude extract (supernatant) containing all four proteins was loaded onto a 5 ml Ni-NTA affinity column. The mixture of proteins was purified and concentrated as described previously (Kuhn et al., 2013) . The polyhistidine tags were not removed from the proteins. We attempted to crystallize the RfbC protein after purifying it in the absence of the other proteins of the pathway, but did not obtain crystals. The yield of each protein (RfbA, RfbB, RfbC and RfbD) when they were purified separately was 22, 45, 25 and 43 mg l À1 , respectively. Thus, the relative proportions of each protein in the mixture used for crystallization in this study were approximately 5.5 mg RfbA:11.25 mg RfbB:6.25 mg RfbC:10.75 mg RfbD.
Crystallization
We thoroughly screened the RfbC protein alone for crystallization but did not obtain any crystals. Since RfbC is a member of the dTDP-l-rhamnose-biosynthetic pathway and we had clones for the other members of the pathway, we cocrystallized RfbC in the presence of the other three proteins. The mixture containing all four proteins (RfbA, RfbB, RfbC and RfbD) that were purified together (total concentration of 7.5 mg ml À1 ) in 10 mM Tris-HCl pH 8.3, 500 mM NaCl, 5 mM -mercaptoethanol (BME), 1 mM dTTP, 1 mM Glc1P, 1 mM NAD + , 1 mM NADP + , 1 mM MgCl 2 was set up for crystallization in 96-well microplates using the sitting-drop vapor-diffusion method with a ratio of 1 ml protein solution to 1 ml reservoir solution. The RfbC protein crystallized at room temperature in 0.2 M diammonium citrate pH 5.0, 20%(w/v) Table 1 Macromolecule-production information.
RfbA, RfbB, RfbC and RfbD are members of the dTDP-l-rhamnose-biosynthetic pathway and encode a glucose-1-phosphate thymidylyltransferase, a dTDPglucose 4,6-dehydratase, a dTDP-4-dehydrorhamnose 3,5-epimerase and a dTDP-4-dehydro--l-rhamnose reductase, respectively. All four proteins were purified together and this combination of proteins was then used for crystallization of RfbC. PEG 3350 (condition A3 of The JCSG+ Suite from Qiagen; Table 2 ).
Data collection and processing
Crystals were transferred to reservoir solution and considered to be cryoready prior to flash-cooling in liquid nitrogen. X-ray data were collected on the LS-CAT 21-ID-D beamline at the Advanced Photon Source (APS) at Argonne National Laboratory. The data were indexed, scaled and integrated with HKL-2000 (Otwinowski & Minor, 1997) . Data-collection and processing statistics are summarized in Table 3 .
Structure solution and refinement
The structure of RfbC was determined in complex with dTDP and pyrophosphate (PDB entry 3ryk) by molecular replacement using one monomer from PDB entry 1dzr (48% sequence identity; Giraud et al., 2000) as the search model in Phaser (McCoy et al., 2007) from the CCP4 package (Winn et al., 2011) . Since we used a mixture of proteins during crystallization, the protein in the crystal was identified prior to structure solution by first calculating Matthews coefficients for each protein and then determining the crystal parameters and resolution. The molecular-replacement solutions were tested based on the Matthews coefficients for each protein, which revealed that the protein that crystallized was RfbC. No density for the other proteins was observed. The initial structure was rebuilt with ARP/wARP (Morris et al., 2003) , modified manually using Coot (Emsley & Cowtan, 2004; Emsley et al., 2010) and refined using REFMAC v.5.5 (Murshudov et al., 2011) . In the final stages of refinement, translation-libration-screw (TLS) groups were obtained from the TLS Motion Determination (TLSMD) server (Painter & Merritt, 2006 ; http://skuld.bmsc.washington.edu/~tlsmd/). The RfbC structure was validated using the PDB validation server (http://deposit.pdb.org/validate/) and MolProbity (Chen et al., 2010; Davis et al., 2007;  http://molprobity.biochem.duke.edu/). The statistics for structure refinement are presented in Table 4 . The sequence identities between RfbC and RfbA, RfbB and RfbD are 8.7, 9.2 and 11.8%, respectively.
Results and discussion
Since the three-dimensional structures of all four dTDPl-rhamnose-biosynthetic pathway enzymes from a single Gram-positive bacterium have not previously been determined, we sought to crystallize them from B. anthracis. Despite screening each protein separately for crystals, we found that it was necessary to co-purify and screen all four proteins together to obtain crystals of the RfbC protein alone.
Crystal structure of RfbC
The RfbC crystals diffracted to 1.63 Å resolution and the structure was determined in space group P3 (PDB entry 3ryk). It is a member of the diverse cupin superfamily that is characterized by a -sandwich or 'jelly-roll'-like fold. The asymmetric unit holds a single dimer and each monomer contains the first 174 of 181 residues; the remaining residues are disordered. An alanine residue from the affinity tag is observed just prior to the N-terminal methionine residue.
-Strands are the prevalent secondary-structural element, with each monomer containing 13 -strands and just two -helices ( Figs. 1a and 1b) . The -strands are arranged in an antiparallel manner forming two sheets of five and eight -strands, which together form a flattened, sandwich-like -barrel (Fig. 1c) . The five-stranded -sheet is formed by 9, 8, 11, 6 and 13, and the eight-stranded -sheet is comprised of 1, 2, 10, 7, 12 and 5 of one monomer and 4 and 3 of a second monomer (Fig. 1) . This domain swapping between monomers further stabilizes the dimer. The active sites are located within cavities formed by the 5-6 end of the barrel structure of each monomer (Fig. 1c) .
Homologs of RfbC
DALI was used to identify structurally similar proteins in the Protein Data Bank (PDB) with chain A of PDB entry 3ryk as the query (Holm & Rosenströ m, 2010) . The results showed 27 structures with Z-scores above 20 that represented 11 bacterial and archaeal species and are clustered by similarity in an unrooted tree ( Fig. 2a ). RmlC di-epimerases from Pseudomonas aeruginosa, Salmonella typhimurium and archaeal enzymes form one branch. Mono-and di-epimerases from Actinobacteria (Mycobacterium tuberculosis, Streptomyces spheroides, Streptomyces bikiniensis and Amylocatopsis orientalis) form a second clade. Finally, Streptococcus suis RmlC di-epimerase structures form a distinct third branch. We selected five structures situated in different clusters to compare with our RfbC structure: three 3,5-epimerases [PDB entries 1dzt (Giraud et al., 2000) , 2ixk and 2ixl (Dong et al., 2007) ], one 3-epimerase (PDB entry 4hmz; Kubiak et al., 2012) and one 5-epimerase (PDB entry 1oi6; Merkel et al., 2004) (Fig. 2) . The sequence identities of these five homologs compared with RfbC range from 50% for the P. aeruginosa and S. typhimurium RmlC di-epimerases (PDB entries 2ixk and 1dzt) to 22% for the A. orientalis mono-epimerase (PDB entry 1oi6). Overall, 21 residues (11.6%) were conserved across the selected homologs (Fig. 2b) , and highly conserved structural regions included the secondary structures around the active site (the 6 strand, 3-4 turn and 2 helix). Other secondary-structural elements located away from the active site were also conserved, notably 8 and the ten-residue loop connecting it to strand 9. The 8-9 strands form the center of the Greek-key motif of the 'jelly-roll' fold.
Active site
Three strictly conserved catalytic residues are essential for the function of RmlC: His62, Lys72 and Tyr132 (Dong et al., 2003 (Dong et al., , 2007  Figs. 2b and 3a) . The reaction involves two sequential proton-abstraction/reprotonation steps: first at C5 and then at C3. Asp168 activates His62 in a manner similar to the catalytic mechanism of a serine protease, and the pK a of the -carbon is lowered by the stabilization effect of Lys72 on the resulting enolate anion. Tyr132 acts as an acid in the reaction by reprotonating the enolate from the opposite side of the ring (Dong et al., 2007) . All three of these residues reside within one monomer of the dimer, but residues from both monomers from the dimer are required to bind the substrate and product (Fig. 3) . Thus, RfbC is functional as a dimer.
The RfbC protein structure showed dTDP bound in the active site of one monomer and pyrophosphate (PP i ) in the active site of a second monomer of the dimer; however, the aforementioned catalytic residues do not interact directly with these ligands and the orientations of the phosphates on dTDP are rotated away from the active site (Fig. 3) . The nucleobase of dTDP bound in one monomer is stacked between the aromatic rings of Tyr138 and Phe26* (where the asterisk refers to a residue of the swapped 3-4 hairpin monomer), and is stabilized by a network of hydrogen bonds through water molecules and the Glu28*, Gln46 and Asn48 residues. The Ser165, Asp168 and Lys167 residues form hydrogen bonds directly to the phosphates of dTDP, and Arg59 and Asp21* form hydrogen bonds to the phosphates through water molecules. Since the phosphates of dTDP face outwards, the residues located on the 3-4 loop assume different conformations from the structures of homologs with a full substrate analog bound, and the loop is shifted by as much as 2.4 Å . Arg59 and Arg23* are strictly conserved in RmlC-like epimerases and typically form salt bridges with the phosphates of the substrate. Owing to the improper conformation of the dTDP compared with the native substrate, Arg23* does not make contact with the phosphate in the RfbC structure (Fig. 3c ). Similar interactions are seen in the monomer containing only PP i .
Alternative conformations of key residues
The RfbC protein (PDB entry 3ryk) was co-crystallized with ligands that lack the pyranosyl moiety of the substrate. As a result, some residues in the active site assumed alternative conformations ( Figs. 3a and 3c ). For example, His62 in the RfbC structure is observed in two alternative conformations: one matches the conformation observed in structures in complex with sugars and the other is rotated almost 120 around the C -C bond. Additionally, Lys167 of RfbC appears in two alternative conformations: one within a hydrogen-bond distance of the -phosphate O atom and the other rotated about 90 around the C -C bond towards the bulk solvent (Fig. 3) . It is not apparent from the multiple sequence alignment that this lysine residue is conserved across di-and mono-epimerases, as it is replaced by arginine in the sequences of PDB entries 1oi6 and 4hmz and by alanine in that of PDB entry 2ixl in the alignment (Fig. 2b) . Upon further examination of the three-dimensional structures of these proteins, however, Lys167 of RfbC and Lys151 of PDB entry 2ixl are positioned similarly and form a hydrogen bond to the phosphate group of the substrate. A key difference between mono-and di-epimerases thus is that mono-epimerases have an Arg-Glu acid-base pair and di-epimerases have a Lys-Glu/Asp acid-base pair. One exception to this is the RmlC di-epimerase from M. tuberculosis, which has an Arg-Glu acid-base pair.
Source of ligands during co-crystallization
Since dTDP and PP i were not added during co-crystallization we are not certain of their source, but we suspect two likely scenarios. (i) PP i could have been produced from the RfbA enzymatic reaction since dTTP, glucose 1-phosphate and RfbA were added during crystallization. (ii) Alternatively, dTTP could have been hydrolyzed to produce dTDP, and PP i is a known contaminant of nucleotides. Two groups have previously reported unexpected dTDP electron density in the active sites of RfbC homologs. For instance, the P. aeruginosa RmlC protein (PDB entry 2ixl) was crystallized with dTDPxylose; however, only electron density corresponding to dTDP was observed. Evidence suggested that the sugar moiety was located outside the binding site and was therefore disordered (Dong et al., 2007) . In another study, dTDP was observed at the active site of the 3,4-ketoisomerase QdtA from Thermoanaerobacterium thermosaccharolyticum (PDB entry 4zu7; Thoden et al., 2015) , which has the same fold and active-site location as RmlC-like epimerases. Its presence was attributed to binding during protein expression and purification . Examination of the electron-density map of the RfbC structure does not show additional density beyond the -phosphate group of dTDP bound in one monomer, and no additional density is seen surrounding PP i in the other monomer.
Interactions between Rfb proteins
Sequential enzymes of some metabolic pathways have been shown to form protein complexes (metabolons), or exist as bifunctional or multifunctional fused enzymes in different organisms (Srere, 1987; Krü ger et al., 2012) . As a result, we proceeded to screen various combinations of proteins of the l-rhamnose-biosynthetic pathway from B. anthracis for research communications Figure 2 Phylogenetic tree and multiple sequence alignment of RfbC homologs. (a) Phylogenetic tree highlighting homologs with three-dimensional structures in the PDB. Mono-epimerases are colored pink and di-epimerases are colored blue. The structures selected for the structural alignment are in bold. (b) Multiple sequence alignment of selected epimerases with three-dimensional structures. Conserved residues are shaded in red and the secondary structure is indicated above the alignment. The dendogram in (a) was produced using the DALI server ( crystallization when our efforts to crystallize the single B. anthracis RfbC protein alone failed. To our knowledge there is currently no evidence for multi-protein complex formation for members of this pathway; however, the fact that we obtained crystals of the RfbC protein only when all four proteins were added together for crystallization suggests the possibility that the other proteins stabilized RfbC for crystallization and a multi-protein complex may exist. We used a similar method to obtain crystals of the B. anthracis protein RfbB (PDB entry 6bi4 
Figure 3
RfbC active-site and dimer formation. (a) Active site of RfbC (PDB entry 3ryk) showing three strictly conserved catalytic residues and alternative conformations of His62 and Lys72. One monomer of the dimer is shown in orange and the other is shown in blue. dTDP is shown as white sticks, while dTDP-l-rhamnose is shown as purple sticks and is modeled from the structure with PDB code 2ixl. (b) C5 0 epimerization reaction adapted from Dong et al. (2007) . Residues that participate in the reaction are numbered according to the B. anthracis RfbC protein sequence. (c) Comparison of the structures with PDB codes 3ryk and 2ixl. The 3ryk dimer is shown as blue and orange ribbons and the 2ixl dimer is shown as purple and yellow ribbons. 3ryk contains dTDP and PP i (shown as sticks) and 2ixl shows dTDP-l-rhamnose as sticks. Each structure shows an enlarged view of the key conserved residues in homologous RmlC enzymes. Alternative conformations are seen for His62 and Lys167. The protein structures in (a) and (c) were created using PyMOL, and ChemDraw was used to create the scheme shown in (b). from other nucleotide-activated biosynthetic pathways that produce different sugars to dTDP-l-rhamnose include the RHM2/MUM4 protein from Arabidopsis thaliana, which produces UDP-l-rhamnose (Watt et al., 2004) , and the CapF protein from Staphylococcus aureus, which produces UDP-N-acetyl-l-fucosamine (Miyafusa et al., 2012) . Therefore, the strategy of combining enzymes that are members of the same metabolic pathway together for crystallization when they are unable to be crystallized alone may extend the crystallographer's toolbox and provide new insight into potential protein complexes.
Conclusions
Overall, the RfbC structure from B. anthracis is quite similar to those of other homologs. The approach of co-crystallizing members of a metabolic pathway together may be a good salvage strategy to obtain crystals of proteins that fail common crystallization trials.
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